A survey of 20 strains of cyanobacteria (belonging to 13 genera) isolated from habitats exposed to strong insolation revealed that 13 strains contained one or more water-soluble, UV-absorbing, mycosporine amino acid (MAA)-like compounds. Some of the compounds were identical in several strains. In all, 13 distinct compounds were found. The UV absorption spectra of MAAs complemented well that of the extracellular sunscreen pigment scytonemin, which many of the strains also produced. Even though the specific MAA contents were variable among strains, they were invariably higher when the cultures were grown with UV radiation than when it was absent. In five strains tested, the MAA complement accumulated as a solute in the cytoplasmic cell fraction. The sunscreen capacities of MAA and scytonemin and their combined capacity were estimated for each strain and condition on the basis of the specific contents, cell size, and cellular location of the compounds. The estimates suggested that significant, albeit not complete, protection from UV photodamage could be gained from the possession of either MAA or scytonemin but especially from simultaneous screening by both types of compounds.
Cyanobacteria are known to inhabit environments subject to intense solar radiation. They are often the primary colonizers of bare rock surfaces and soils (33) . Under such conditions, they must possess efficient mechanisms to prevent or to counteract the harmful effects of strong solar radiation, including those caused by the particularly deleterious UV region of the spectrum. Mechanisms that counteract UV-mediated photodamage have been previously demonstrated in the cyanobacteria, and they include both dark DNA repair and photorepair (16, 31) , the presence of detoxifying enzymes (17) , and the actions of photoprotective carotenoids (2) . Among the possible mechanisms to prevent UV photodamage are negative photomovements or avoidance responses (20) and the synthesis of UV sunscreen compounds (8) . The presence of substantial amounts of UV-absorbing compounds in cyanobacteria has been documented in several instances (see reference 8 and references therein; 21, 23, 25, 30) , and it has frequently been hypothesized that these substances may be playing a UV-photoprotective role in the organisms that contain them. One type for which a sunscreen role has been established (10) is the extracellular sheath pigment scytonemin (8) . Scytonemin is a colored (i.e., it is a pigment), lipid-soluble compound with broad absorption in the UV and violet wavelengths (280 to 450 nm) and an in vivo maximum at ca. 370 nm. A second type or class includes a variety of colorless, water-soluble compounds with narrow absorption bands and maxima between 310 and 334 nm (see references 21, 23, and 25) . These compounds are reminiscent in their physicochemical traits (i.e., absorption and polarity, etc.) of a family of compounds known as mycosporine-like amino acids (MAAs) that have been previously characterized in fungi (1, 6, 34) , eukaryotic algae (26, 28, 29) , corals (27) , and starfish (19) . They have been found in a wide variety of marine organisms (13) .
Chemically, MAAs contain a substituted cyclohexenone linked with an amino acid (or its imino alcohol). They present a characteristic, single absorption band in the UV spectrum between 230 and 400 nm, with maxima ranging from 310 to 360 nm, and absorb only weakly below and above the main band. The role of any of the water-soluble compounds as sunscreens has not yet been determined rigorously, but some circumstantial evidence supporting the sunscreen hypothesis has been gathered in certain cases (see reference 11 for a detailed discussion).
To assess how common and diverse these substances are among cyanobacteria from habitats exposed to intense solar radiation, we analyzed a variety of isolates of cyanobacteria for MAA-like, UV-absorbing, water-soluble substances. The isolates were from such environments as desert rocks, mountain walls, pavement, and hot spring and saline cyanobacterial mats. We also investigated the cellular locations of the substances and the effect of UV radiation on their specific contents. Their possible role as sunscreen agents is discussed on the basis of their estimated specific absorption in the cells, the size of the cell, and the presence or absence of the extracellular sheath pigment scytonemin.
MATERIALS AND METHODS
Strains and culture. The strains used in this study are listed in Table 1 . Isolation and culture methods were described previously (8) . Briefly, cultures were grown on polycarbonate Nuclepore filters floating on medium-filled petri dishes receiving white light from cool-white fluorescent-light tubes, at photon fluence rates of 50 umol m-2 s-'. UV radiation with maximal spectral irradiance at 320 nm was provided by Philips FS40 tubes as filtered through plastic petri dish covers (11 (8) and was also expressed in absorbance units for comparison.
Isocratic HPLC analysis. Aqueous methanol extracts (20%) were brought to dryness by rotary evaporation at 45°C, and the resulting dry matter was dissolved in 100% methanol. Methanol-insoluble residue was discarded by decantation and filtration through Whatman GFF filters. This residue had no absorbance due to MAA when it was redissolved in water. The methanol fraction was concentrated by rotary evaporation and stored at -20°C until it was analyzed. Aliquots of the methanol fraction were vacuum dried and dissolved in the same solvent mixture as that used in high-pressure liquid chromatography (HPLC). Normally, 25 to 100-,u aliquots of solutions containing 5 to 15 absorbance units per ml were injected for analyses. The isocratic reverse-phase HPLC system was similar to those used previously for MAA separation by other investigators (3, 5, 13, 18) and consisted of a Hypersil 5-,um-pore-size C18 (octyldecyl silane) column attached to a Waters HPLC pump (M6000A) system. The mobile phases were 0.2% acetic acid in water (solvent 1), 0.2% acetic acid-3% methanol in water (solvent 2), and 0.2% acetic acid-6% methanol in water (solvent 3). The Cell fractionation. Cell fractionation was carried out by differential centrifugation. Cells were harvested, suspended in 30 mM sodium citrate buffer (pH 5.5), and broken open by passage (twice) through a French press. The resulting suspensions were centrifuged at ca. 300 x g for 2 min to discard the unbroken cells. The supernatants were then centrifuged for 50 min at 50,000 x g. This procedure pelleted a large fraction of the extracellular sheath material. The resulting supematants were ultracentrifuged first at 75,000 x g for 1 h and then at 200,000 x g for 1 h to yield a cytoplasm-plusmembrane fraction and a cytoplasmic fraction, respectively. UV visible absorption spectra were taken of each supernatant to monitor the fate of the MAAs. Chlorophyll a absorption monitored the fate of cellular membranes, scytonemin absorption (where applicable) monitored the fate of the extracellular sheath, and phycobilin absorbance monitored the fate of the cytoplasmic fraction.
Estimation of the sunscreen factors. The effect of the alleged sunscreen compounds in shielding the cells was gauged by estimating a sunscreen factor, S, which is defined as the fraction of the incident radiation that is prevented from impinging upon cell matter because of the presence of the compound. The factor varies between 0 (no sunscreen effect) and 1 (all photons are prevented from hitting cell matter), and it is dependent on the wavelength (X). For a sunscreen that is present in the extracellular layers, such as scytonemin, S simply equals the complementary value of the transmittance (fraction transmitted, 1) of the compound in the layer, so that
If the sunscreen is located intracellularly and is homoge- 
where £(X) is the extinction coefficient of the sunscreen and c is its concentration. Equation 4 has the following solution: The wavelengths of maximal absorbance were used, but for simplicity in comparisons, the results are assigned to a common wavelength of 320 nm. For scytonemin (extracellular),Ad values obtained from equation 6 were halved, since only half of the absorbance lies between the radiation and the cell and the other half at the distal end and is therefore useless in screening that cell. They were transformed into transmittance, and sunscreen factors were estimated from equation 2. This gave the sunscreen factor for scytonemin at its wavelength maximum (384 nm in extracts, ca. 370 nm in vivo). The sunscreen factor of scytonemin at 320 nm was also estimated in the same fashion, but the fact that Aext(320) equals 0.4 Aex,(384), in accordance with the absorption spectrum of scytonemin, was taken into consideration (Fig. 1B) Most of the isolates that contained MAA-like substances also possessed scytonemin (12 out of 13), and only one strain among those having scytonemin (13 in total) did not contain detectable amounts of MAA. Thus, our isolates tended to have either both types of compounds or none. In the following section, we will discuss data obtained from the isolates that contained MAAs.
The contents of MAAs showed variations both within and among strains. When cultures were incubated under UVsupplemented radiation (6 ,umol of UV m-2 s'-plus 50 ,umol of visible light m-2 s-'), the specific contents of MAA were invariably higher than those found for the same strain under visible radiation alone (Table 2 ). These differences in MAA content with UV treatment ranged from 2-to 30-fold. Under visible light alone, the specific contents in different species ranged between 0.02 and 0.32A x milligrams (dry weight)-', and under UV-supplemented radiation they ranged between 0.19 and 1.02 A x milligrams (dry weight)-1. The maximal MAA content found [for Gloeocapsa C-90-Cal-G. (2)] is estimated to be about 0.8% of the cell biomass (dry weight). The effect of those concentrations of MAA on the absorbance characteristics of the cells of the Gloeocapsa strain is depicted in the in vivo spectra of Fig. 1A . For this Gloeocapsa isolate, the value of absorbance due to MAA at the 326-nm maximum in cultures grown with UV amounts to ca. 2.7 times the absorbance due to the rest of the cell matter and is substantially larger than that attributable to any cellular pigment at any other wavelength. In the other isolates, which contained scytonemin, the in vivo absorption spectra did not reveal as clearly the magnitude of the MAA absorption band because of the overlapping of MAA and scytonemin in the 300-to 340-nm region, but the presence of MAA was evident both in the cytoplasmic fraction and in methanol-water extracts (Fig. 1B) .
The aqueous methanol extracts revealed that the MAA maxima ranged between 309 and 332 nm and presented in some cases conspicuous shoulders at ca. 340 nm, suggesting that the complement of MAA varied with the species (Table  2) . Subsequent HPLC-spectrophotometry analysis showed that a variety of compounds having typical MAA absorption were present in the isolates (Table 2) . In some strains, only one such compound was detected, but in others, as many as four were detected. In most cases, however, there was clearly one compound that accounted for most of the absorbance, with other compounds, if they were present, being relatively minor (see the listing of relative contents in Table  2 ). Cochromatography also showed that some of the compounds were found in more than one species. In all, 13 Table 3 for key to the compounds. ously described MAAs, whereas some are clearly novel. Several MAAs with absorption maxima at 310 nm (like compounds II, VII, and IX) have been previously characterized (1, 6, 13) . Compound VI, which could be identical to shinorine (from a red alga [28] ) on the basis of retention times in the same solvent system and absorption maxima from the literature (18) , is clearly novel in that it yields histidine upon being hydrolyzed. There are no MAA compounds with absorption maxima at 326 (compound XI) or 324 (compound X) nm reported in the literature; therefore, these are also novel.
A special mention should be devoted to compounds IV and XIII, since their absorption spectra were virtually identical but atypical for known MAAs, presenting a pronounced shoulder at ca. 340 nm (Fig. 2) . Mild hydrolysis of compound XIII (40°C, 1 h, NH40H ) afforded an MAA with maximal absorbance at 310 nm and lysine. Thus, compound XIII may contain two typical MAA chromophores. A spectrally similar, water-soluble compound, which may be identical to compound IV or XIII, has been previously isolated from a terrestrial cyanobacterium (Nostoc commune [21] ) and found to be bound to polysaccharides. Further investigation will be needed to establish all of these identities.
In order to establish the cellular location of the MAAs, we monitored the fate of the cellular absorbance at the MAA maximum in several isolates during cell fractionation by differential centrifugation after cell breakage. We also compared these values to those obtained by extraction in aqueous methanol. With Gloeocapsa C-90-Cal-G. (2), the results were clear: 93% of the A326 remained after the suspension was cleared of extracellular sheaths, cell walls, and cellular membranes by ultracentrifugation, indicating that the MAA complement in this strain was cytoplasmic. In other isolates, MAA absorption bands were also detected in the cytoplasmic fraction (Fig. 1B) , but, since these strains also contained substantial amounts of scytonemin, it could not be deduced with certainty that the amounts detected in the cytoplasmic fraction accounted for the bulk of the MAA content. In these cases, however, extraction of the washed centrifugal pellets with aqueous methanol gave no absorption bands due to MAA. Moreover, for all five strains tested, the absorbances of the cytoplasmic fraction agreed well with the contents measured by the extraction of whole cells. The values, expressed as the ratio of absorbances found in extract (uncorrected) versus those in the cytoplasmic fraction for strains, were 1.01 for C-90-Cal-G. (2) Table 1 ).
These results clearly indicate that the bulk of MAA in the isolates was cytoplasmic, which is to be expected for small, water-soluble compounds.
The estimated sunscreen factors (S) due to either MAAs, scytonemin, or both types of compounds are presented in Table 4 . The values for specific content and cell diameter used in the calculations are also included therein. All of the values used correspond to a single determination, but according to additional determinations (9) 
DISCUSSION
We have shown that MAAs are common but diverse among terrestrial cyanobacteria and that they most often occur in species with extracellular scytonemin. The fact that MAA concentrations in the cells invariably increased with increased UV fluence rates suggests that they may be involved in processes of photoacclimation. The evidence presented here does not provide proof that the MAAs have a sunscreen function in the cells; rather, it measures their ability to screen out UV radiation. The possibilities that MAAs have some other function or functions and that their screening ability is merely coincidental cannot be rejected.
The spectral complementation between the MAAs and scytonemin in the isolates (Fig. 1B) suggests that the combined action of scytonemin and MAA may be responsible for any sunscreen effect at shorter UV wavelengths (300 to 340 nm), whereas at UV wavelengths longer than 340 nm, the effect must be due solely to scytonemin. The relative contributions of MAA and scytonemin at shorter wavelengths varied with each isolate (Table 4) . Interestingly, even though the complement of MAA compounds in our isolates was quite diverse, we found no MAAs such as palythene from zoanthids (wavelength maximum, 360 nm [27] ) with absorption bands close to or coincident with the strong absorption band of scytonemin.
The specific contents of MAA found in our isolates were estimated to represent between 0.16 and 0.84% of the total biomass (dry weight). These values are in the range of those from natural samples of Antarctic red algae and much higher than those from brown and green algae, diatoms, and metazoans (13) . Reported values of up to 10% of the dry weight for a UV absorbing-compound in N. commune (21) (20) , 0. boryana (4), and Spirulina subsalsa (9) , which are known to display behavioral migration away from the light in response to excessive radiation. We have also found typical MAA-like absorbance bands in field samples of planktonic cyanobacteria such as Gloeotrichia, Aphanizomenon, and Microcystis spp. (9) , and such bands from field samples have also been previously reported in the literature for an oceanic oscillatorian (from the description given, it is possibly a Tnichodesmium sp. [23] ). This indicates that the presence of MAAs in cyanobacteria is not restricted to nonplanktonic species, as seems to be the case with the sheath pigments (8) . Since there do not seem to be any taxonomic boundaries to the presence of MAA, it is likely that the ability to produce these compounds among cyanobacteria preceded their evolutionary radiation, presumably in the Precambrian era (15) . At that time, the absence of an atmospheric ozone shield and, therefore, the higher fluxes of UV-B (280 to 315 nm) (14) , may have added evolutionary pressure to select for efficient UV-protecting mechanisms.
